ABSTRACT: Here we describe using nanosheets of both graphene and boron nitride, produced by liquid phase exfoliation, as fillers in composite fibres. The fibres were prepared by coagulation spinning using polyvinylalcohol as a matrix. We obtained good quality fibres with diameter and nanosheet volume fraction which could be controlled via the ratio of nanosheet to polymer injection rates. The mechanical stiffness (modulus, Y) and strength, σB, increased relatively slowly with volume fraction (dY/dVf 160 GPa and dσB/dVf 0.8 GPa). However, both stiffness and strength continued increasing with nanosheet content to loading levels of ~20vol%, after which the properties fell off. Such relatively high loading levels result in impressive mechanical properties with stiffness and strength of up to 30 GPa and 260 MPa observed. In addition, we found the graphene-filled fibres to be electrically conducting with conductivities of up to 3 S/m.
Introduction
Over the last decade, graphene has received unparalleled attention due to its extensive array of superlative physical properties. [1] [2] [3] [4] [5] Of particular interest are its mechanical properties. Graphene is both the strongest and stiffest material known, displaying tensile strength and elastic modulus values of B=130 GPa and Y=1000 GPa respectively. [6] As such, it is of great interest to researchers as a filler for reinforcing [7] composites. According to the rule of mixtures, the strength and modulus of reinforced composites are given by [8, 9] where Vf is the graphene volume fraction, YNT and YP are the graphene and polymer moduli respectively while NT and P are the graphene and polymer strengths respectively. The appropriate efficiency factors describe the dependence of reinforcement on nanosheet orientation (o) and length (L,Y and L,  ). [8, 9] We note that the length efficiency factors for strength (L,  ) has two forms, [8, 10] for nanosheets which are longer or shorter than the critical length [7] respectively. In the ideal case where the matrix-graphene interface is well bonded, the nanosheets are well-dispersed and both long and well aligned, the efficiency factors approach their limiting values: L~o~1. Then both modulus and strength increase rapidly with volume fraction. In the best possible scenario 130 GPa. Ideally, these mechanical property increases would continue to reasonably large volume fractions resulting in large absolute strength and stiffness increases. Unfortunately, this never occurs in reality.
In practise, [11] the matrix-graphene interface is well bonded only in certain polymers and only at low-strain, [12] alignment is not guaranteed [13] and the nanosheets are never long enough to get large strength reinforcement. This last point is especially relevant for liquidexfoliated nanosheets which are generally less than 1 µm in length and so usually below the so-called critical length. [7, 12] Then, failure tends to be by pull-out rather than nanosheet breakage and / f d dV  becomes controlled by interfacial strength rather than nanosheet strength. [7, 14] This results in a significant reduction in strength enhancement (although / f dY dV can reach a reasonable fraction of its theoretical maximum [10] ). In addition, if the nanosheets are thicker than ~3 layers, they display an effective modulus which is considerably lower than monolayer graphene. [15] However, possibly the greatest problem with graphenereinforced composites is that aggregation begins to occur at relatively low volume fractions.
Above this point the mechanical properties no longer increase and may actually fall. In most cases the aggregation threshold is between ~0.03 and ~4 vol%. [16] [17] [18] [19] This results in composites with moduli which are typically up to ×3 higher than the matrix [11, 19] (N.B. this is true for thermoplastic matrices. From elastomeric matrices, larger relative increases are possible, but from a very low base [11] ).
In the past, problems involving aggregation and alignment of nano-fillers have often been solved via the formation of fibres rather than bulk composites. For example polymernanotube fibres have been produced through melt processing [20] [21] [22] [23] [24] [25] [26] , coagulation spinning [27] [28] [29] [30] [31] [32] [33] and electrospinning [34] [35] [36] [37] [38] [39] [40] [41] [42] . This has allowed volume fractions of up to ~60 vol%, resulting 3 in moduli and strength as high as Y=80 GPa and B=1.8 GPa. [33, 43] However, compared to nanotubes, relatively little work has been done to investigate the potential of 2D nanosheets as fillers in composite fibres. A number of papers have used chemically modified graphene (graphene oxide, GO) as a filler in composite fibres, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] while other groups have studied graphene-oxide-only fibres. [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] However, while GO nanosheets may show good polymernanosheet stress transfer, they are not ideal reinforcements as they have impaired mechanical properties due to their high defect content (i.e. GO has a measured nanosheet modulus of ~250 GPa[ref [66] ] compared to ~1000 GPa for graphene [6] ). We would actually expect pristine (i.e. non-oxidised, defect-free) graphene to have some advantages as a filler due to its superior strength and modulus although the nanosheet size may be too small for effective strength enhancement. [11] Such graphene can now be made by sonication [67] [68] [69] or shear mixing [70, 71] of graphite in appropriate liquids. However, only one study has yet described fibres filled with pristine graphene. [72] In fact, we believe pristine nanosheets, not only of graphene but also of other inorganic 2D materials such as boron nitride (BN) may have some advantages as reinforcing fillers in composite fibres. BN, in particular has mechanical properties very similar to graphene. [73] As observed with carbon nanotubes, fibre formation can result in filler alignment and reduced aggregation (compared to bulk composites) at reasonably high loading levels. [31, 32] If this could be achieved for nanosheet-filled fibres, it could result in aggregation thresholds which are considerably higher than in bulk composites and so improved mechanical properties.
In this study we report using coagulation spinning to produce fibres of polyvinylalcohol filled with pristine nanosheets of both graphene and boron nitride. Although the BN-based fibres are relatively poor mechanically, for the graphene-filled fibres we find stiffness values of up to 30 GPa, much higher than is usually found for graphene-based composites. In addition, the graphene-filled fibres are electrically conductive, displaying conductivities of up to 3 S/m.
Methods
A sodium cholate (Sigma Aldrich) solution was prepared by dissolving the surfactant powder in deionized water at 10 mg/ml and stirring for 4 hours at 40C. To prepare the composite fibres, the surfactant-stabilised nanosheet dispersions (inks)
were injected at well-defined flow rates into the centre of a cylindrical glass pipe (inner Scanning electron microscopy (SEM) was performed using a Zeiss Ultra Plus Field Emission Scanning Electron Microscope. Thermogravimetric analysis (Perkin-Elmer Pyris 1) was used to calculate the filler mass fraction of each composite fibre set. Mechanical testing was performed with a Zwick Z100 tensile tester using a 100 N load cell with a strain rate of 1 mm/min with a constant gauge length of 10 mm. Electrical measurements were performed by painting each end of the graphene fibres with silver paint onto a glass slide. Initially, measurements were made with both 2-and 4-probe mode on a Keithley KE2601 source meter.
In all cases both techniques gave a similar resistance, indicating that the contact resistance is very small compared to fibre resistance. Subsequently, all measurements were made using 2 probes. 
Results and Discussion

Fibre Formation
In this work we start by preparing dispersions of both graphene and boron nitride nanosheets by liquid phase exfoliation. [67] [68] [69] [70] [71] 75] This technique can give dispersions of defect-free nanosheets in surfactant solutions at relatively high concentrations (see methods).
The resultant dispersions are ideal for processing into a range of structures, [74, 76] including polymer-nanosheet composites. [10, 14, 72, 77, 78] However, in this work we found that asproduced nanosheets could not be used to prepare composite fibres. We discovered that this could be addressed by using special techniques (see methods) to produce extremely high concentration (~30 mg/mL) dispersions of both graphene and BN nanosheets. However, as such high concentrations may lead to aggregation, it is important to assess the aggregation state of the nanosheets used to prepare the fibres. TEM analysis showed the majority of dispersed In this work, we used these high concentration dispersions to fabricate polyvinylalcohol (PVA) based composite fibres, filled with graphene and BN nanosheets, using the well-known coagulation-spinning procedure. [30] [31] [32] [33] 43 ] Aqueous dispersions of surfactant stabilized boron nitride (BN) and graphene (G) nanosheets were injected into the centre of a glass pipe through which an aqueous PVA solution was flowing [33] . When exposed to the polymer solution the dispersions destabilize, collapsing to form a continuous fibre. The resultant fibres are then collected in a stationary water bath, after which they were transferred to a methanol bath to increase polymer crystallinity via dehydration. [79] The fibres were then transferred to a vacuum oven to dry. Shown in Figure 2A -F are SEM images of the resultant fibres which are generally straight, with an even surface, uniform diameter, and circular cross section. This is in contrast to graphene-only fibres [61, 62, 65, 72, 80, 81] , which are usually much less uniform. Close up images of fracture surfaces of both graphene-and BN-filled composite fibres are shown in
Figs. 1C and 1F. Here, flakes of filler material can be seen protruding from the surface, suggesting fracture to occur by pull-out. [14, 82] In this mechanism, the nanosheet length is below the critical length and so is too short for stress-transfer from matrix to the filler to result 8 in nanosheet fracture. [7, 82] As a result, failure occurs at the polymer-nanosheet interface resulting in pull-out. In this case, the fibre strength is limited by the filler-polymer interfacial interaction.
For all fibres, the diameter, D, was measured at 10 positions along the fibre length using a profilometer (Dektak 6 M Stylus Profiler). In addition, the filler mass fraction was measured by thermogravimetric analysis (see SI). This was then converted to volume fraction, Vf, using the following density values ρG = 2200 kg/m 3 , ρBN = 2370 kg/m 3 and ρPVA = 1300 kg/m 3 . In Figure 2G and H it can be seen that both diameter and volume fraction scale with the ratio of the injection rate of the surfactant stabilized dispersion (ink) to the flow rate of the polymer in the glass pipe, / 
. This is in line with previous reports [31] for coagulation-spun PVA/SWNT fibres (although the exponents are not identical). These relationships allow us some measure of control of D and Vf over reasonably wide ranges (~20μm<D<~100μm) and (~10%<Vf<~80%). However, it makes it very different to control the diameter and volume fraction independently, a fact that makes analysis problematic because fibre mechanical properties depend sensitively on both D and Vf. [31, 32] We note that these volume fractions are extremely high for nanocomposites. Usually, graphene-filled nanocomposites are limited to filler contents of a few vol% due to aggregation effects at higher loading levels. [11] By comparison with polymer-nanotube composite fibres, it is likely that fibre spinning results in some flow-induced alignment of the nanosheets. [32, 83] This is supported by SEM images such as figure 2F , in which the protruding nanosheets appear to be somewhat aligned.
Such alignment would be required to achieve the high volume fractions described here without large scale aggregation. In fact, rheological studies on solvent-dispersions of graphene nanosheets similar to those used here show nanosheet alignment to occur at volume fractions of ~0.15vol%. [84] Thus, it is likely that some level of nanosheet alignment occurs for all fibres produced in this study. In fact, we believe that this flow induced alignment is critical to the avoidance of large scale aggregation during spinning. We believe that aligned nanosheets can assemble together (separated by polymer) during the coagulation process in a relatively uniform and ordered way without the formation of nanosheet clumps separated by large polymer domains. We suggest this process is feasible (see below) as long as there is enough polymer to provide effective separation of the nanosheets. This is a critical difference between 9 coagulation spinning and bulk composite formation and allows a reasonable degree of dispersion to be achieved up to concentrations of 20 vol%.
Mechanical Properties of Fibres
We measured the tensile mechanical properties of the composite fibres for a range of filler loading levels, Vf. As mentioned above, because Vf was controlled via / Ink Poly FF , the fibre diameter varied significantly with graphene content. Representative stress-strain curves for the graphene-and BN-filled composites are shown in Figure 3A and 3B respectively. These stress strain curves are similar in shape to those reported for well dried coagulation spun PVAnanotube composites. [32] However, they differ in one important point: both graphene-and BN-filled composites fail at strains of typically <2%, much lower than is usually found for coagulation spun PVA-based fibres [30] [31] [32] [33] 43] (failure strains approaching 1000% have been observed in coagulation-spun nanotube-PVA fibres [43] ). Low strain at break is usually observed when all solvent (which can act as a plasticising agent) is removed on drying. [32] However, it is not clear whether the observed brittleness is solvent related or due to the effects of the 2-dimensional fillers or their impact on polymer morphology.
We have extracted the Young's moduli, Y, and tensile strengths, B, from the stressstrain curves, with this data plotted versus Vf in Fig 2C and 2B . For both composite types the strength and stiffness values appear to increase with volume fraction up to Vf~20% before falling off at higher loading levels. Such fall-offs at high loading level are quite common in nanocomposites and are generally assumed to be due to aggregation effects. [19, 85] We note that some aggregation of the nanosheets exists in the spinning dispersion due to the very high filler concentrations used. It is very unusual that the mechanical properties would keep increasing up to volume fractions as high as 20%. Usually, the peak reinforcement occurs at <1vol%. [10, 14] This implies that large scale aggregation is somehow suppressed by the fibre formation process, perhaps due to alignment effects as suggested above, with large scale aggregation occurring during coagulation only once Vf>20 vol%.
We believe that this aggregation suppression is due to a combination of nanosheet alignment and the large nanosheet thickness associated with the high concentration inks required for coagulation spinning. Assuming the nanosheets to be aligned, and taking a typical nanosheet thickness to be ~4.5 nm (~13 layers, see above), than at Vf=20% the mean spacing between nanosheets is ~18 nm. For the PVA molecular weight used here, the chain radius of gyration is ~6 nm. This means that no more than 3 polymer molecules can fit between two adjacent nanosheets at this Vf. Thus, we suggest that at Vf=20% the inter-nanosheet spacing is close to the minimum spacing which can exist before aggregation occurs. The peak values for modulus and all values for strength are considerably higher for graphene-filled composites compared to those incorporating BN. Peak values for modulus and strength for each composite were ~32 GPa and ~260 MPa respectively at Vf ~19 vol% for graphene-filled systems and ~13 GPa and ~82 MPa respectively at Vf = ~20 vol% for BN-filled materials. We note that these stiffness values are relatively high for graphene-containing fibres (see Figure 4) . However, we note that these composite fibres have strengths which are considerably lower than the best fibres in the literature.
Because of the systematic variation of fibre diameter with volume fraction, it is difficult to apply any quantitative analysis to the mechanical properties of these fibres. Normally, the effectiveness of the reinforcing fillers can be assessed by the rate of increase of stiffness and strength with volume fraction at low loading levels (i.e. dσB/dVf and dY/dVf). These reinforcement metrics are normally related to intrinsic material properties via the rules of mixtures as given in equations 1 and 2. However, these equations cannot be applied directly because the fibre diameter is not constant and for real systems, both dσB/dVf and dY/dVf are known to scale with diameter due to orientation and defect-related effects. [31] However, as shown by the dashed line in figure 3C all composites clearly have dY/dVf<160 GPa (this line essentially plots equation 1 taking YP=1 GPa and dY/dVf=160 GPa and applies to the graphene composites -for BN composites dY/dVf=55 GPa). This is smaller than values recently reported for bulk composites of graphene in PVA (680 GPa) [10] or BN in PVA (670 GPa) [14] and well below the maximum value of 1000 GPa which is limited by the stiffness of graphene itself. [6] This lower-than-expected modulus reinforcement is in spite of the fact that the nanosheets are somewhat aligned and is partly due to the fact that the nanosheet aspect ratio is finite, resulting in L<1 (ref [8, 10] ).
However, a more important factor may be nanosheet aggregation effects. We note that approximately one third of the 2D objects in the fibre spinning dispersion are aggregates. While such objects may provide some reinforcement to the fibre, their aggregated structure will mean that their contribution to the fibre strength and stiffness will be far lower than would be provided by individual nanosheets. In addition, even the individual nanosheets are few-layer, rather than monolayer with relatively large thicknesses due to high concentrations required to produce working inks. It is known that the effective nanosheet modulus tends to fall with nanosheet thickness. [15] Such effects could significantly suppress dY/dVf compared to composites produced from thinner, less aggregated nanosheets.
As both graphene and BN are 2D filler materials with similar structure and mechanical properties [73] one would expect the mechanical performance of the two composite types to be similar. However this is not the case, with graphene-filled fibres displaying ~3 times better modulus and ~4 times better strength enhancement. The most obvious difference between fillers is the flake length (figure 1) with graphene flakes being approximately twice as large as BN flakes. However, both modulus and strength enhancement depend on aspect ratio (length/thickness) rather than length alone. [10] Thus for size effects to explain the performance differences, the graphene nanosheets would have to be not only longer than the BN ones but probably thinner as well. While this may be the case, we cannot effectively test it due to difficulties in accurately measuring thickness of liquid exfoliated nanosheets, especially aggregated ones. [70] An alternative explanation is suggested by the fact that the low volume fraction strength data displays lower slope (dσB/dVf ~200 MPa) for the BN-filled composites 12 compared to the graphene-filled systems (dσB/dVf ~800 MPa). Because this slope scales with the interfacial strength, [10] this implies the PVA-graphene interface to be roughly four times stronger than the PVA-BN interface. However, this is inconsistent with previous measurements on solution processed bulk PVA-graphene [10] and PVA-BN [14] composites where values of dσB/dVf =22 GPa and 47 GPa respectively were observed respectively. Alternatively, the difference may be associated with fibre formation: during spinning the BN dispersion was seen to coagulate in and around the injection syringe when coming in contact with the polymer solution. While this could possibly lead to poorer orientation or greater aggregation, such effects were not evident in the fibre morphology observed via SEM.
We note that fibre spinning can often result in alignment of the polymer chains themselves. Indeed, the fibre mechanical properties are very sensitive to the degree of chain alignment. [83] However, we feel this is unlikely to be the case here. While the relatively large (~µm) nanosheets can be relatively easily aligned due to the flow field in the pipe, alignment of the polymer chains would be much more challenging. In solution, the majority of chains exist as random coils with radius of gyration of ~5-6 nm. Orientation of such coils would incur a large entropic cost and be extremely unlikely at the low shear rates used in this work (assuming Poiseuille flow, the maximum shear rate in pipe was estimated to be ~30 s -1 ). In any case, because the axial moduli and strength of aligned polymer chains are typically hundreds and tens of GPa respectively, [83] any significant alignment of the chains would be expected to result in levels of reinforcement far beyond those observed here.
In any case, the rates of increase of both modulus and strength with graphene volume fraction are considerably lower in these coagulation-spun fibres compared to bulk composites.
However, this is more than compensated by the fact that the higher loading levels achievable here lead to much larger absolute stiffnesses and strengths. This makes the mechanical properties of these fibres competitive with other graphene (and nanotube) reinforced fibres (figure 4). 
Electrical properties of Fibres
Because graphene is a conductor of electricity and, due to the very high loading levels in these fibres, we would expect them to display reasonably large electrical conductivities. We measured the conductivities of a number of fibres with the results shown in figure 5 . We found the conductivity to increase with increasing graphene loading level, reaching 3 S/m for the 40 vol% sample. This value is higher than the maximum conductivity observed in most papers describing graphene-filled composites which tend to fall in the range 10 -2 -10 S/m [refs [86] [87] [88] [89] [90] [91] [92] [93] [94] ], although at least one paper described conductivities as high as 300 S/m. [95] In addition, this is considerably higher than the best results reported for most nanotube-filled composites. [96] For the lowest volume fractions, the conductivity was unmeasurably low. The electrical properties of composites consisting of conductive fillers in an insulating matrix, can be described by percolation theory. [97] In such systems, current can only flow once the conductor loading level is above a critical volume fraction known as the percolation threshold, Vf,c, where the first continuous conducting path across the matrix is formed. For
Vf>Vf,c, the conductivity of the system is described by the percolation scaling law:
where 0 is a crude measure of the conductivity of a network of the conducting material alone [76] and t is the percolation exponent. We have fit this equation to the data finding a reasonable agreement for Vf,c=15 vol%, t = 0.4 and 0=5 S/m. This percolation threshold is relatively high compared to reported values for bulk graphene filled composites which can be as low as 0.1vol% [98] .This is almost certainly due to the alignment of the nanosheets within the fibre. Composites of aligned graphene nanosheets have previously been seen to have percolation thresholds as high as 15%. [76] In addition, simulations on conducting rod containing composites show the percolation threshold to increase with rod orientation. [99] The percolation exponent observed here is rather small and well below the expected value of 2 for transport in 3D. It is not clear why this exponent should be so low. While very low percolation exponents have been observed for thin film networks of both nanotubes and graphene (as low as 0.5), [100] percolation exponents in polymer-nanotubes composites are almost always >1. [96] 
Conclusions
In this work we have demonstrated coagulation spinning of composites fibres filled with nanosheets of both graphene and BN. These fibres display both modulus and strength which increase with increasing nanosheet content up to ~20vol%, considerably higher than is usually observed. While aggregation effects result in rates of increase of modulus and strength with nanosheet volume fraction which are far below what is theoretically possible, the maximum modulus and strength observed were high; ~30 GPa and 260 MPa respectively. In addition, we found the graphene-filled fibres to be electrically conductive, displaying conductivities as high as 3 S/m.
